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In this letter, instead of investigating the compaction of granular materials under tapping or cyclic
shearing, we focused more on the gyratory shearing compaction, where particles are subjected to
constant pressure and shear rate continuously. Such a phenomenon is crucial to the compaction of
asphalt mixtures or soil in civil engineering, and can be extended to other areas, such as powder
processing and pharmaceutical engineering. In this study, we found that the gyratory speed or in-
terstitial fluid viscosity has almost no impact on the compaction behavior, while the pressure plays
a more important role. Additionally, it is the inertial time scale which dictates the compaction be-
havior under gyratory shearing in most cases, whereas the viscous time scale can also have influence
in some conditions.
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Granular materials are commonly used in engineering
practices such as pharmaceutical engineering, food pro-
cessing, civil engineering, etc.. Granular materials in
civil engineering are often subjected to complex load-
ing conditions or loading path, or have complex particle
shapes. One kind of loading condition, which fascinates
the author, is the compaction of granular materials (or
granular-fluid systems). In most cases, we would like to
have our concrete or asphalt pavement with as minimum
amount of air voids as possible. To achieve the com-
paction under both pressure and continuous shearing, a
so-called gyratory compactor is often used in pavement
industry to achieve denser asphalt mixtures. However,
we know very little about the physics behind this kind of
compaction when particles are subjected to continuous
gyratory shearing (different from cyclic shearing where
particles dilate and relax due to the cyclic excitation, i.e.
the dilation/relaxation cycle).
Most previous research on granular compaction has fo-
cused on mono-disperse spherical particle systems with-
out interstitial fluids (dry granular material) under tap-
ping, vibrating or cyclic shearing. Mehta et al. [1, 2]
proposed a two-exponential equation with two relaxation
time scales to describe the compaction behaviors based
on experimental results [3].
φ(t) = a0 − a1exp(−a3t)− a4exp(−a5t) (1)
where φ(t) is the solid fraction of granular materials at
time t, and a0, a1, a2, a3, a4, a5 are fitting parameters
obtained from experimental data. The two exponential
terms can be associated to the independent and collec-
tive motion of particles during the compaction process.
Knight et al. [3, 4] proposed a logarithmic equation with
the following form (Eq. 2) to better fit the compaction
behavior of granular materials.
φ(t) = φf − ∆φ∞
1 +B ln (1 + t/τ)
(2)
where φf , ∆φ∞, B, and τ are fitting parameters. Mean-
while, the Renne group found that the compaction curve
can also be fitted using a stretched exponential curve as
follows [5–7]:
φ(t) = φf − (φf − φ0)e−(t/τ)β (3)
In all these cases, the reason why granular systems can
evolve to a more dense configuration is partly due to the
dilation-relaxation cycle during the loading process. For
example, during the tapping excitation, particles will first
dilate and then find their lowest-energy-spot during the
relaxation process. However, such a phenomenon does
not exist during the gyratory compaction (the boundary
condition of a gyratory compactor will be shown later
in this letter), where the particles are continuously sub-
jected to constant load continuously. So it is difficult to
foresee the hidden time scale inside this problem, thus,
difficult to quantify the compaction behavior of a gyra-
tory shearing process.
In this letter, the author will first introduce this prob-
lem and the boundary condition of the gyratory com-
paction. Then, the computational simulations using the
discrete element method (DEM) [8, 9] will be imple-
mented to conduct a simple parametric study of the gy-
ratory compaction of monodisperse granular assemblies.
According to the simulation results, we can draw con-
clusions about the nature of the gyratory compaction of
granular materials and provide some insights in the time
scale governing the compaction speed.
Gyratory compaction is a type of compaction method
commonly used in pavement engineering to achieve more
dense asphalt mixture. During a gyratory compaction,
the material is subjected to both constant pressure and
gyratory motion. Figure 1 shows the configuration of
a gyratory compactor, where particles are put inside a
cylindrical ”ring”, and bounded by a top plate and a bot-
tom plate. The top plate remains stationary in the verti-
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2cal direction, while the bottom plate could move upward
while maintaining a constant pressure, σn. The cylindri-
cal ring is subjected to a gyratory motion with gyratory
speed n (SI unit, rps or rpm) and gyratory angle θ. The
gyratory motion can give the granular system an average
shear rate equal to γ˙ = 2piθn.
FIG. 1. Configuration of the gyratory compactor and the
model setup in the DEM simulation
The setup of DEM simulations is the same as that of
experiments shown in Fig. 1. We can see that the parti-
cles are firstly dropped randomly (Fig. 1I) into a cylin-
drical box to form a random packing (Fig. 1II). Then,
in the simulation, we slightly tilte the cylinder to pro-
vide a gyratory angle of θ, while adding a top plate to
the cylindrical box. Finally, the loosely packed granular
assemblies are loaded and sheared with constant pres-
sure and constant gyratory speed (Fig. 1IV). In our
model, two kinds of particle interactions is considered.
The first type of interaction considered is the physical
contact among particles. When two particles have phys-
ical contact, the interaction between them can be cal-
culated based on Hertz-Mindlin contact model [10, 11],
where the normal and tangential contact forces are cal-
culated using following equations.
F ij,nc = −knδ1.5n − ηnδ0.25n δ˙n (4a)
F ij,tc = min
(− ktδ0.5n δt − ηtδ0.25n δ˙t, µpF ij,nc ) (4b)
where F ij,nc and F
ij,t
c are normal and tangential contact
forces acting on particle i from particle j. δn is the
overlap between particles in normal direction in DEM
simulation, which is given by δn = Ri + Rj − |~ri − ~rj |,
where Ri and Rj are particle radii, and ~ri and ~rj are
position vectors of two particles. δt is the correspond-
ing tangential deformation at the contact point between
two particles, and µp is the coefficient of friction between
particles. The second type of particle interactions is con-
sidered when the interstitial viscous fluid exists among
particles, where the lubrication effect can be calculated
accordingly [12–16].
F ij,nv = 6piηfR
2
eff
δ˙g
δg
(5a)
F ij,tv = 6piηfReffv
rel
t
[ 8
15
ln(Reff/δg) + 0.9588
]
(5b)
where F ij,nv and F
ij,t
v are normal and tangential lubrica-
tion forces between particle i and particle j. ηf is the
interstitial fluid viscosity and Reff is the effective radius
calculated based on the radius of two contacting parti-
cles. vrelt is the relative tangential velocity. δg is the gap
between the nearest surface of two particles. The lubrica-
tion forces will diminish once the distance between par-
ticles exceeds the average particle diameters, δmax = d¯,
and will remain invariant to distance once the particle
distance is smaller than δmin = 0.1d¯, which represents
the roughness of the particles. No global drag force is
considered in our simulation, since we focus more on sys-
tems where the fluid can travel together with the parti-
cles. We assume that there is no relative motion between
interstitial fluid and individual particles. Additionally, in
this work, we focus on granular-fluid systems which ex-
ceed the pendulum or capillary stage, so that we do not
need to consider the effect of capillary forces between
particles (this is also similar to that of asphalt mixtures
where viscous forces play a more important role.).
We calculated the parameters of the particle interac-
tion law using the same method as that in Ref. [10]. The
elastic modulus of particles is 30 GPa, the Poisson ratio
is equal to 0.2, the density of the particles is 2650 kg/m2,
and the frictional coefficient between particles is set to be
0.2. The size of the particles is uniformly distributed be-
tween 0.8d¯ and 1.2d¯, where d¯ = 2.0 mm. The diameter
of the cylindrical ring was set equal to 20 times the av-
erage size of the particles. The gyratory angle, θ, is kept
at 0.25◦, which is similar to that used in the gyratory
compaction of asphalt mixtures. In this study, we var-
ied the pressure from 10 kPa to 1000 kPa, the gyratory
speed from 3 rpm to 100 rpm, and the viscosity of the
interstitial fluid from 0 cP (no interstitial fluid) to 1000
cP (same as that of glycerin).
Figure 2(a) shows compaction curves of granular ma-
terials with different gyratory speeds while keeping the
pressure and interstitial fluid viscosity constant at 100
kPa and 100 cP, respectively, by plotting the relation-
ship between solid fraction φ and normalized time Tˆ =
t
√
g/r¯p, where r¯p = 0.5d¯ is the average particle radius.
The gyratory compaction of granular materials can be
roughly classified into two stages: (i) at the beginning
3FIG. 2. Compaction curves of granular materials with differ-
ent conditions. In (a), we plotted the results of simulations
with different gyratory speeds while keeping the pressure and
the interstitial fluid viscosity constant at 100 kPa and 100 cP,
respectively. We plotted the simulations with different inter-
stitial fluid viscosity in (b) and (c). However, the pressure is
different in these two sets of simulations. In (d), we have the
relationship between solid fraction and dimensionless time, Tˆ ,
of simulations with different pressures.
of the compaction, the solid fraction increased rapidly
from loosely random packing solid fraction to random
packing fraction; (ii) Afterwards, the solid fraction ex-
ceeds the random packing fraction and has logarithmic
growth with respect to time. Between these two stages,
there is a seemingly intermediate stage where the slope of
the curve is slightly smaller than that in the logarithmic
growth region.
In previous research, when granular systems were un-
der cyclic shearing the intensity of the shearing would
influence dramatically the compaction behavior. How-
ever, in our research, as shown in Fig. 2(a), changing the
gyratory speed (which can change the average shear rate)
does not have a large effect on the overall compaction be-
havior. The change of gyratory speed has no influence on
the statistical behavior of the granular materials under
gyratory speed, either. We also investigated the influence
of interstitial fluid viscosity. Fig. 2(b) and (c) show re-
sults of two sets of simulations. For one set of simulation
(Fig. 2(b)), we kept the pressure and gyratory speed at
100 kPa and 30 rpm, while changing the viscosity from 0
cP to 1000 cP. Intuitively, we would expect that the vis-
cosity of interstitial fluid would have a huge impact on
the behavior of compaction, which was shown in the work
of Fiscina et al [17]. Our work shows that the existence of
interstitial fluid only influences the gyratory compaction
of granular materials at the intermediate stage. One pos-
sible reason which leads us to different results might be
the fact that we have neglected capillary forces.
FIG. 3. Histogram of the contact forces between particles.
Markers , , , represent simulation results of different
gyratory speeds. , , , , , represent simulation
results of different viscosity when σn = 100 kPa, while , ,
, , , represent simulation results of different viscosity
when σn = 600 kPa. , , , , represent simulation with
different pressures
In Figure 2(c), we plot the relationship between φ and
Tˆ when the pressure is changed to 600 kPa. The time
range, where the interstitial fluid has influence, decreases.
In this case, the pressure is much higher which makes the
granular assembly reach a certain solid fraction much ear-
lier than that in Fig. 2(b). Interestingly, the solid frac-
tion which marks the end of interstitial fluid interference
is the same for different pressure conditions. When the
solid fraction is larger than ≈ 0.59, the viscosity of inter-
stitial fluid has no effect on the gyratory compaction be-
havior of granular materials, no matter how large the vis-
cosity becomes. Meanwhile, this dividing point for solid
fraction happens to be equal to the loose random pack-
ing fraction [18]. Also, Man and Hill [13, 14] found that,
in a granular-fluid system, the frictional rheology (the
µeff − φ relationship) followed two pathways depending
on the magnitude of the viscous number Iv = ηf γ˙/σn in a
shearing system, but these two different pathways merged
into one curve at approximately φ = 0.59 where fluid
viscosity can no longer influence the rheology of gran-
ular materials. Our results in the gyratory compaction
also conclude with a 0.59 solid fraction terminating the
influence of interstitial fluid.
Different from the effect of gyratory speed and inter-
stitial fluid viscosity, as we vary the pressure applied to
the granular packing, the compaction behavior changes
dramatically. Higher pressure could help granular mate-
rials achieve much higher solid fraction. It is also faster
for higher pressure cases to obtain a certain solid fraction
than low pressure simulations. Although the compaction
behavior of systems with different pressure differs from
each other, such changes of pressure do not influence the
statistics of inter-particle forces much (Fig. 3). Fig. 3
shows that the statistics of the normalized contact forces
always have an exponential decay when contact forces f
is larger than the mean contact forces f¯ , and a power
law tail when contact forces is smaller than the mean
4FIG. 4. (a) Relationship between the solid fraction, φ, and
the dimensionless time, T˜ = t
√
σn/ρp/d¯. (b) Relationship
between the ”visco-plastic” solid fraction, φ − ∆φe, and the
dimensionless time, T˜ .
contact forces. This leads to the question of what drives
the change of compaction behavior, which is answered in
this study. As what we have introduced, previous stud-
ies often link the compaction curve to some time scales
without discussing the details of these time scales and
the factors affecting them.. In our study, we could re-
gard the compaction behavior as a competition among
the shearing time scale, τs = 1/γ˙, the viscous time scale,
τv = ηf/σn, and the inertial time scale, τi = d/
√
σn/ρp,
as it is in the frictional rheology of granular materials
[13, 19, 20].
FIG. 5. Relationship between the change of solid fraction,
∆φe, and the relative deformation between adjacent particles,
δn/rp, where rp is the particle radius. The inset shows the
basic structure of closed packing particles used for calculating
the change of solid fractions.
From Fig. 2(a) - (c), we can conclude that, compar-
ing to the inertial effect, the influence of interstitial fluid
viscosity and gyratory speed can be neglected. Thus, the
compaction curve should be controlled solely by the in-
ertial time scale, τi = d/
√
σn/ρp. If we plot φ against
the normalized time T˜ = t/τi = t
√
σn/ρp/d¯, the com-
paction curves should collapse into one curve. However,
as we can see from Fig. 4(a), the curves deviate from
each other after entering the logarithmic stage. Interest-
ingly, at same normalized time T˜ , the slope of the curve
is approximately the same for different pressure condi-
tions, which make us believe that a factor is missing in
this analysis.
Thus, we divided the compaction into ”elastic” com-
paction and ”visco-plastic” compaction. The ”elastic”
compaction can be calculated based on the solid frac-
tion change of granular packing with the basic hexag-
onal close packing (HCP) given pressure condition σn.
In this case, the forces between adjacent particles are
Fc = 0.25σnpid
2 = knδ
1.5
n , where kn = 1.33
√
ReffEeff ac-
cording to Hertz contact model [10]. Based on this, we
can calculate the elastic deformation δn. Using Monte
Carlo algorithm, we could calculate the relationship be-
tween δn and the ”elastic” change of solid fraction plotted
in Fig. 5. With these analyses, we could link the pres-
sure σn to the change of solid fraction ∆φe. In Figure
4(b), we plotted the relationship between φ − ∆φe and
T˜ = t
√
σn/ρp/d¯, which shows the good collapse of data
among simulations with different pressures.
In this letter, the author analyzed the compaction be-
havior of granular materials during gyratory compaction,
which is different from the compaction due to tapping or
cyclic shearing. We concluded that the gyratory speed
plays no effective role in influencing the gyratory com-
paction behavior, and that the viscosity of interstitial
fluid only has secondary impact on the compaction be-
havior. It is the pressure which could greatly influence
the compaction results. During the compaction, three
different time scales, the shearing time scale, 1/γ˙, the
viscous time scale, ηf/σn, and the inertial time scale,
d/
√
σn/ρp, have to ”fight against” each other for gen-
eral dominance during the compaction process. Also, we
could differentiate the deformation of granular materi-
als during compaction into (i) ”elastic” compaction and
(ii) ”visco-plastic” compaction. The ”visco-plastic” com-
paction deformation (φ−∆φe) is controlled solely by the
inertial time scale ,d/
√
σn/ρp, shown in Fig. 4(b). This
research is particularly helpful to civil engineering indus-
tries where intensity and duration of compaction need to
be determined beforehand for maximum economic gains.
Also, such experiment can be beneficial to research un-
derstanding the force chains in 3D cases while implement-
ing computed tomography technology in the future.
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